[1] Mixing ratios of isoprene, methyl vinyl ketone (MVK), and methacrolein (MACR) were determined continuously during an 8-day period in the summer of 1998 at a rural forested site located within the University of Michigan Biological Station (UMBS). The measurements were obtained as part of the Program for Research on Oxidants: Photochemistry, Emissions, and Transport (PROPHET) study. Fluxes of isoprene were concurrently measured at a nearby tower (AmeriFlux, located 132 m north-northeast of the PROPHET tower). Following the study, 1-kmresolution emission estimates were derived for isoprene within a 60-km radius of the tower using forest density estimates (Biogenic Emissions Inventory System (BEIS3) model). Measured isoprene fluxes at the site compared well with modeled isoprene fluxes when using BEIS3 and a detailed leaf litter-fall data set by tree species from the UMBS site. Mean midday (1000 -1400 LT) mixing ratios for isoprene, MACR, and MVK were 1.90 ± 0.43, 0.07 ± 0.01, and 0.14 ± 0.04 ppbv, respectively. Median midday mixing ratios of these compounds were 1.96 ± 0.26, 0.06 ± 0.02, and 0.10 ± 0.02 ppbv, respectively. Ratios of the isoprene oxidation products to isoprene are understood in the context of previous laboratory and field measurement studies of these compounds and a simple consecutive reaction scheme model. Results of the model indicate that the air masses studied represented relatively fresh emissions with a photochemical age of measured isoprene between 3.6 and 18 min, which is significantly less than the photochemical lifetime of isoprene (t = 45 min at [OH] = 3.35 Â 10 6 molecules cm À3 ). Thus a large portion of the isoprene that reaches the manifold has not had time to react completely with OH, yielding lower than expected ratios based on model calculations that do not explicitly take this into account. A rapid decrease in isoprene mixing ratios was observed soon after sunset, followed by a slower decay throughout the rest of the night. Emission maps were generated indicating that isoprene fluxes are highest in the immediate vicinity of the tower compared to the surrounding area of the site. Thus vertical diffusion and advection from the surrounding region are postulated to cause the observed initial rapid decrease in isoprene at the site. The second isoprene decay may be due to chemistry and/or dynamics, but the effects cannot be separated with the available data.
Introduction
[2] The primary objectives of the Program for Research on Oxidants: Photochemistry, Emissions and Transport (PROPHET) have been discussed by Carroll et al. [2001] . The PROPHET site is located within the University of Michigan Biological Station (UMBS) in a relatively remote, highly forested region near the northern tip of the lower peninsula of Michigan. Although occasionally strongly impacted by anthropogenic emissions, it has been shown that biogenic compounds play an important role in the atmospheric volatile organic compound (VOC) chemistry at the site Hurst et al., 2001; Sumner et al., 2001] . The most prevalent biogenically emitted VOC was isoprene. Mixing ratios for isoprene and its oxidation products, methacrolein (MACR) and methyl vinyl ketone (MVK), were measured each half hour for 8 days. Flux measurements of isoprene were made at the AmeriFlux tower, which was located 132 m north-northeast of the PROPHET tower.
[3] On a global scale the emission rate of isoprene is estimated to be 503 Tg yr À1 [Guenther et al., 1995] , easily dwarfing any other VOC. Isoprene is highly reactive toward the hydroxyl (OH) radical, ozone (O 3 ), the nitrate radical (NO 3 ), and chlorine atoms (Cl) ( Table 1) . Studies continue on the contribution of isoprene toward oxidant cycles and the formation of O 3 . It has been established that there is a nonlinear relationship between ozone formation and its two primary precursors, nitrogen oxides (nitric oxide (NO) and nitrogen dioxide (NO 2 )) and VOCs. Two different states relevant to O 3 formation in the troposphere have been identified. Under conditions in which there is a large abundance of VOCs relative to NO x the state is referred to as NO x limited. In this state, O 3 formation increases with increasing NO x and is relatively independent of changes in VOC concentration. The other state exists when there is an abundance of NO x and is called VOC limited. In this case, O 3 formation decreases with increasing NO x but increases with increasing VOCs. As isoprene is processed (oxidized) in the troposphere, it has the potential of playing an important role in tropospheric ozone formation. In more remote forested regions of central and eastern North America where the availability of NO x is limited, ozone formation is limited despite the abundance of biogenic VOCs such as isoprene. However, in rural, urban, or suburban areas that are impacted by anthropogenic emissions of NO x , isoprene has a potentially very large impact in forming ozone [Chameides et al., 1997; Starn et al., 1998; Stroud et al., 2001] . In order to more fully understand the role that isoprene plays, it is important to understand the isoprene oxidation cycle not only in a laboratory context but also in a real-world context: specifically, processes that lead to the availability of peroxy radicals which participate directly in the conversion of NO to NO 2 and thus in ozone formation. The PROPHET site represents a relatively remote forested environment and may normally be considered NO x limited, but it can be impacted on occasion by air masses originating in the industrialized corridors of the midwestern United States.
[4] There have been a number of laboratory studies designed to examine the isoprene oxidation cycle. Carter and Atkinson [1996] , for example, studied the OH-isoprene reaction in a reaction chamber under NO x -rich conditions. Myoshi et al. [1994] studied this reaction both in the presence and in the absence of NO x . The reaction was followed in time, and a number of primary, secondary, and so on, reaction products were observed. The major primary reaction products observed in these studies are MVK, MACR, and formaldehyde. However, except for the Myoshi et al. [1994] study with no NO x , these experiments were conducted with relatively high initial mixing ratios of isoprene and NO x . A number of field studies have also been conducted during the past decade to study the processing of isoprene in rural [e.g., Pierotti et al., 1990; Martin et al., 1991; Montzka et al., 1993 Montzka et al., , 1995 Goldan et al., 1995; Biesenthal et al., 1997 Biesenthal et al., , 1998 Helmig et al., 1998; Makar et al., 1999] and urban or near-urban environments [e.g., Stroud et al., 2001; Riemer et al., 1994 Riemer et al., , 1998 Starn et al., 1998; Nouaime et al., 1998 ]. Comparisons with expected results based on laboratory studies have been made [e.g., Montzka et al., 1993; Stroud et al., 2001] . The combination of laboratory and field work forms a critical component in the development of an understanding of the isoprene oxidation mechanism with the underlying goal of its accurate representation in computer models and hence an understanding of its relevance to ozone formation. These investigations are particularly relevant to the issue of air pollution control strategies as rural areas become more populated. In particular, these studies help to determine the conditions under which it is useful to control VOCs (e.g., VOC limited environments) and the conditions under which this will have little effect.
[5] The chemical processing of isoprene occurs both during the day and at night. During the day, because of the high value for k OH, ISOP [OH] (Table 1) , OH is responsible for the majority of the chemical processing of isoprene. At night, under typical conditions, O 3 processing becomes relatively more important as OH is reduced to low levels. If sufficient NO 2 and O 3 are present, NO 3 may play a significant role in isoprene oxidation ]. Chlorine is expected to play a significant role only in the daytime in locations with a significant source of molecular chlorine [Finlayson-Pitts and Pitts, 2000] .
[6] We measured isoprene, MACR, and MVK from 5 August through 13 August as part of the 1998 PROPHET Intensive at the UMBS site in northern Michigan. Unique to this study was that a full suite of chemical [Tan et al., 2001; Carroll et al., 2001] and meteorological measurements were recorded, and isoprene fluxes were measured concurrently at a nearby tower [Westberg et al., 2001] . (The reader is referred to Cooper et al. [2001] for an overview of the meteorological and transport conditions that prevailed during the experiment.) Additionally, 1-kmresolution emission estimates for isoprene were made for a radius extending 60 km from the tower. The chemical measurements included OH and hydroperoxyl (HO 2 ) [Tan et al., 2001] , allowing an opportunity to study isoprene photochemistry in a relatively well characterized environment.
[7] A surprising observation was that the typical observed nighttime OH radical concentrations were higher than predicted from two independent photochemical models [Tan et al., 2001; Sillman et al., 2002] . Coincident with this observation was the rapid decrease in isoprene soon after sunset. These results are discussed in detail by Faloona et al. [2001] , Sillman et al. [2002] , and Hurst et al. [2001] . We recorded diurnal measurements of isoprene and its oxidation products simultaneously every 30 min. The measurements are interpreted in the context of their oxidation by OH, O 3 , and NO 3 and in the context of the prevailing meteorology. We investigated whether these measurements and their ratios offer insight into the oxidation mechanisms operative at the site during this study.
Experiment
[8] All measurements, except for isoprene flux, were recorded at the PROPHET tower, which is located at 45.55873°N, 84.71455°W within the UMBS property. The isoprene flux measurements were recorded at the AmeriFlux tower, which is located 132 m north-northeast of the PROPHET tower but is also within the UMBS property. UMBS comprises 9000 acres of mixed forest with the major tree species represented by red maple, sugar maple, paper birch, beech, white pine, bigtooth aspen, quaking aspen, and red oak. The dominant isoprene source at this site is Populus tremuloides (quaking aspen). The average canopy height at the site was $20 m. The local vegetation was homogeneous around both towers. Air was drawn into the PROPHET laboratory through an inlet positioned $12 m above the forest canopy via a 5-cmdiameter Pyrex glass manifold. A 160 sL s À1 blower was attached to the end of the manifold, yielding a residence time in the manifold of 1 -2 s. The fast isoprene sensor (FIS) [Guenther and Hills, 1998; Westberg et al., 2001] , used to record isoprene fluxes, sampled at a height of 31 m through a 1.3-cm polyvinyl chloride (PVC) pipe, with a sample line residence time of 4 s. Carroll et al. [2001] give a full description of the site and the suite of analytical measurements taken during the 1998 study.
[9] A fully automated gas chromatography/mass spectroscopy (GC/MS) instrument was used during the study to measure mixing ratios of isoprene, MVK, and MACR. The system consisted of a custom-built three-stage trap preconcentration device and an HP 5890 Series II GC/HP 5973 MS system. The cooling medium for the traps was provided by passing dry nitrogen gas through copper coils immersed in a Dewar of liquid N 2 . The cooled N 2 gas was then passed through a heat exchanger containing the traps to effect cooling. The desired temperature was maintained by controlling the flow of N 2 gas through the heat exchanger.
[10] Ambient air was drawn from a port on the high-velocity glass manifold and into the preconcentration system (Figure 1 ). The sampling rate was held at 50 cm 3 min À1 for 6 min, yielding a total air sample of 300 cm 3 . The sample was passed through the first-stage trap, a 12 Â 0.3175 cm perfluoroalkoxy (PFA) Teflon tube maintained at À20°C to remove water from the sample. It was then passed into the second stage, which consisted of a 12 Â 0.3175 cm outside diameter Silicosteel 2 tube filled with silanized glass wool and maintained near À130°C. Here, the compounds of interest were initially trapped. A valve was switched, the trap was heated to 150°C, and helium carrier gas swept the compounds of interest to the third cryofocusing trap, which was a 10-cm piece of megabore (0.53 mm inside diameter) tubing maintained at À186°C. The cryofocuser was then rapidly heated to 120°C, transferring the compounds of interest to the head of a 60-m, 0.25-mm inside diameter, HP-624 column. The GC oven was held initially at 35°C for 2 min, temperature programmed at a rate of 25°C min À1 until the oven reached 190°C, and then held at 190°C for 11 min, giving a total chromatographic run time of 20 min. Carrier gas flow rate was maintained at 6 mL min À1 using the electronic pressure control feature of the HP GC. Although we report only isoprene, MVK, and MACR here, 41 compounds, from acetaldehyde through the terpenes, were separated and detected twice each hour. Laboratory tests conducted before the experiment indicated that there were no transfer losses of MVK, MACR, or isoprene throughout a relative humidity range of 5 -95%.
[11] The specificity is excellent with this type of analysis because compounds are separated chromatographically and the ions detected are specific to the compound whose retention time is known. Single-ion monitoring MS was utilized for quantitation, giving excellent sensitivity. For isoprene, mass to charge ratio m/z = 67 was used. For MVK and MACR, m/z = 70 was used giving, for all compounds, a limit of detection of <5 pptv.
[12] The GC/MS system was calibrated daily with the National Center for Atmospheric Research (NCAR) standards and with a dynamic dilution system. Standards were prepared gravimetrically in passivated aluminum cylinders (Luxfer) by established techniques [Apel et al., 1998 [Apel et al., , 2001 . Standards were prepared in a range of 100 ppbv to 1 ppmv and were dynamically diluted with clean zero air to low pptv to ppbv levels. The standards were referenced to National Institute of Standards and Technology (NIST) standards for isoprene and propane Standard Reference Material 1601 by GC/flame ionization detector using previously determined relative sensitivities. Purdue University also measured isoprene, MVK, and MACR during the study. The isoprene standard used by the Purdue University group was cross-calibrated with the NCAR standard during the study, and agreement to within 5% was found [Barket et al., 2001] . Barket et al. [2001] report on an intercomparison of isoprene measurements taken at the site during this study; satisfactory agreement was found between all measurements groups. MVK and MACR standards were calibrated against NIST butane/benzene standards using the effective carbon number response determined by Apel et al. [1998] . The standards were found to be stable over the course of the experiment.
[13] The FIS-99 (information available at www.hills-scientific.-com) was deployed jointly by Washington State University and NCAR. The FIS has been used to monitor real-time isoprene concentrations in both cuvette [Monson et al., 1991 [Monson et al., , 1992 and boundary layer flux studies [Guenther and Hills, 1998; Bowling et al., 1998; Westberg et al., 2001] . Direct fluxes are obtained with the FIS using the eddy covariance technique, utilizing a cross correlation between the vertical wind speed fluctuations, measured using a sonic anemometer, and isoprene mixing ratio fluctuations measured by the FIS [Dabberdt et al., 1993; Guenther and Hills, 1998; Westberg et al., 2001] . Descriptions of the instrument as it was deployed in this study are given by Barket et al. [2001] and Westberg et al. [2001] .
[14] During PROPHET 1998 the FIS was in ambient measurement mode 23 hours each day and in calibration mode for 1 hour per day. In calibration mode, inlet air is directed through a platinum catalytic converter maintained at 380°C which removes >99.9% of ambient isoprene [Guenther and Hills, 1998 ]. Instrument zero is recorded for 10 min followed by a series of dynamically generated isoprene standards. The standards (0 -30 ppbv) were generated using a built-in dynamic dilution system that adds a mass-flow controlled stream of an isoprene standard (6-ppm nominal isoprene in ultra-high-purity N 2 , ±3% primary analysis, Scott-Marrin Corp.) to the sample flow. The isoprene standard was periodically calibrated against NIST propane, Standard Reference Material 1601.
Results

Isoprene Emission Model
[15] The methods discussed by Guenther et al. [2000] were applied to estimate biogenic fluxes of isoprene along with 31 other VOCs and carbon monoxide (CO). These methods form the basis for the BEIS3 model . The growing season peak forest canopy coverage is derived from the 1-km forest density estimates of Zhu and Evans [1994] for the area within a 60-km radius of the PROPHET flux tower. The forest cover is apportioned into species-level foliage quantities as a function of basal area, which is calculated from the plot-level forest inventory data for this area using methods described by Geron et al. [1994] . Isoprene emission rates, standardized for photosynthetically active radiation (PAR) values of 1000 mmol m À2 s À1 and leaf temperatures of 30°C, are assumed to be 70 mg-C (g-foliar dry mass) À1 h À1 for Quercusand Populus (oak and aspen), 14 mg-C g À1 h À1 for Picea (spruce), and 0.1 mg-C g À1 h À1 for the other genera found at the site .
[16] The empirical algorithms of Guenther et al., [1994] were used to adjust emission rates to ambient PAR and temperature conditions. The PAR correction factor changes vertically through the canopy in the manner illustrated by Guenther et al., 2000, [Figure 1] . Direct beam and diffuse fractions of measured total above-canopy PAR and sunlit/shaded fractions of leaf area were estimated using the techniques described by Guenther et al. [1995] . Exponential decay algorithms were applied to reduce diffuse PAR and specific leaf weight at lower levels within forest canopies [Geron et al., 1994] . The seasonal peak leaf area index estimate of 3.5 m 2 m À2 measured at the UMBS site was used in the model simulations since the study was performed during the period of maximum leaf area development.
[17] The dominant isoprene source at this site is Populus tremuloides (quaking aspen). Leaves of this species exhibit a high degree of leaf flutter, even under conditions of low wind speed. Stomatal conductance and transpiration from this species are also quite high in comparison to other species such as oak or maple. For these reasons we assumed that leaf temperatures are closely coupled to ambient air temperature. We further altered the model to incorporate the use of heating degree day estimates [Monson et al., 1994; Geron et al., 2000] to simulate the initiation and increase in springtime isoprene emission and use of nighttime temperature to initiate late summer decline. The leaf age activity factors, ratio of current to peak foliar density, and escape efficiency factors described by Guenther et al. [2000] were incorporated here. These factors have minimal effect on net estimated flux ($ À5%) since the study period corresponds to the time of peak active leaf area for forests in this region.
[18] An emission map was generated from the data within a 60-km radius of the PROPHET site (Figure 2) . The PROPHET tower, indicated by a dot in the middle of Figure 2 , is located in a very high emission source area. Emission estimates at the site can be compared to isoprene fluxes measured at the site with the FIS. Figure 3 shows the comparison between actual measured flux and emissions estimated from BEIS3 using local biomass density and leaf area estimates by species determined from 1998 litter-fall data collected within a 60-m radius of the AmeriFlux tower where the FIS fluxes were measured. PAR and above-canopy temperature are given as well. The model estimates are in excellent agreement with measured fluxes. The model replication of the observed diurnal isoprene emission pattern demonstrates satisfactory performance of the Guenther et al. [1994] algorithms in simulating light and temperature effects. The agreement in peak daytime fluxes indicates that the basal emission factors and canopy environment adjustments are also representative of this site. These local isoprene emission fluxes and model estimates are higher than the estimates based on the land use composition of the surrounding area, indicating that the local forest is a strong source of isoprene, at least twice that of the immediate surrounding area. This is verified by the Forest Inventory and Analysis plot-level forest composition that is estimated for this region. The most recent information may be found at http://www.fs.fed.us/ne/fia/.
Mixing Ratios of Isoprene and Its Oxidation Products
[19] Figure 4 shows the averaged diurnal profile for isoprene along with the measured PAR. Also shown is the isoprene flux measurement taken at the AmeriFlux tower. As a consequence of the two major factors controlling isoprene emission (i.e., PAR and temperature) and the fact that the sampling inlet was located close to the canopy top, isoprene concentrations rose steadily during the daytime until a maximum concentration was reached. This is in line with a number of previous studies that indicate that isoprene was being produced more rapidly than it was being destroyed from the time it was emitted until the time it was detected. This is despite the fact that isoprene reacts very rapidly with the OH radical (Table 1) , which implies a relatively short time between emission and detection. Isoprene concentrations fell rapidly at night during this study [Hurst et al., 2001] , and on several nights it attained very low concentrations (20 pptv). The change in isoprene concentration at night may be attributable to a number of different factors: cessation of isoprene production, nighttime oxidant chemistry, changing boundary layer height, deposition [Cleveland and Yavitt, 1997] , and advection of air masses low in isoprene concentrations. This behavior is the subject of papers by Hurst et al. and Faloona et al. [2001] ascribe the behavior largely to nighttime oxidant chemistry, while Sillman et al. [2002] ascribe it largely to meteorological processes. This behavior will be addressed further in section 4.
[20] The relationship between isoprene and its oxidation products has been discussed in several papers [e.g., Martin et al., 1991; Montzka et al., 1993 Montzka et al., , 1995 Goldan et al., 1995; Biesenthal et al., 1998; Stroud et al., 2001] . According to laboratory measurements [Carter and Atkinson, 1996] , formaldehyde, MVK, and MACR are primary first-generation reaction products from isoprene oxidation by OH and O 3 . MVK is the favored product of the OH reaction (1.4/1), whereas MACR is the favored product of the O 3 reaction (2.4/1). MVK and MACR also react with OH and O 3 (Table 1) . During the day, isoprene is thought to be chemically removed primarily by OH. At night, isoprene is thought to be chemically removed primarily by O 3 and NO 3 , if present. Isoprene reaction with NO 3 produces little MACR and MVK [Kwok et al., 1996] . If isoprene is the predominant source of MVK and MACR, as it should be in this rural environment, a relationship is expected between mixing ratios of isoprene and these species as well as between the species themselves.
[21] Figure 5 shows time series plots for isoprene, MACR, and MVK measurements obtained during the study. Discontinuities in the plots indicate that no data were available for those time periods. Figure 6 shows a box and whisker plot of these data. The median value is represented by a solid line, and the mean is represented by a dashed line. The edges of the box are the 25th and 75th percentiles, and the edges of the whisker line represent the 10th and 90th percentiles. Over the entire 8-day study, median mixing ratios (day and night) for isoprene, MACR, and MVK were 0.73, 0.06, and 0.08 ppbv, respectively. Mean mixing ratios (day and night) were 1.36, 0.07, and 0.11 ppbv, respectively. Mean midday mixing ratios (1000 -1400 LT) for isoprene, MACR, and MVK were 1.90 ± 0.43, 0.07 ± 0.01, and 0.14 ± 0.04 ppbv, respectively. Median midday ratios of these compounds were 1.96 ± 0.26, 0.060 ± 0.02, and 0.10 ± 0.02 ppbv, respectively.
[22] Figure 7 shows the averaged diurnal profiles of MACR and MVK. On average, MVK is higher in the daytime than at night, whereas MACR is only slightly higher in the daytime. Both species show a decrease during the night to low pptv levels. This is consistent with rural canopy studies of Montzka et al. [1993] and Biesenthal et al. [1998] and is in contrast with a recent study conducted in an urban-area clearing [Stroud et al., 2001] . The fact that MVK mixing ratios are higher than MACR mixing ratios during the daytime reflects the higher yield of MVK from OHdriven isoprene chemistry and the higher reaction rate of MACR with OH. During the daytime the boundary layer mixing heights increase, and at night the mixing height decreases. Thus MVK and MACR should be diluted into a relatively larger volume during the day and concentrated into a smaller volume during the night. Unlike isoprene, which is produced within the forest and enters the mixed layer at the bottom, MVK and MACR are produced in a larger volume of the mixed layer. MVK and MACR have significantly longer lifetimes than isoprene and, as a result, are influenced by isoprene emissions over a broader area. In canopy studies such as this, where the sampling inlet is located very close to the isoprene emitters, the importance of the boundary layer height is limited in the daytime.
[23] Chemical processing of these species is expected to be very limited at night because of the low rate constants with O 3 (Table 1) . Therefore it might be expected that when the nocturnal boundary layer is formed, mixing ratios of MVK and MACR would rise and, from a purely chemical viewpoint, would remain at high levels during the night. Although this is what was observed in the Stroud et al. [2001] study, this is not what is observed here or in the rural canopy studies of Montzka et al. [1995] and Biesenthal et al. [1998] . A one-dimensional (1-D) Lagrangian model for atmospheric transport and photochemistry was developed by Sillman et al. [2002] to interpret measurements made at the site. Although the model overpredicts measured MACR and MVK, it does predict that there can be a significant influence from transport on MACR and MVK when depleted air impacts the site from the west (Lake Michigan). This would lead to lower values of both MVK and MACR at night. It is likely that a combination of transport, vertical diffusion, and, to a lesser extent, nighttime deposition and chemistry plays an important role in the diurnal behavior of these compounds.
[24] Figure 8 shows the averaged diurnal profiles of (MVK + MACR)/isoprene. The average ratio of (MVK + MACR)/isoprene for this study was 0.4, although throughout the daylight hours the ratio is 0.12 (with a ninetieth percentile value of 0.25 and a tenth percentile value of 0.05) and climbs to nearly 2.0 during the night. The nighttime ratio is consistent with previous studies. The daytime ratio is lower than previous studies and lower than would be predicted by the Sillman et al. [2002] model. This will be addressed in more detail in section 4. This ratio is dependent upon atmospheric mixing, distance from isoprene emitters, and the prevailing oxidant chemistry, including the concentration of NO x [Myoshi et al., 1994; Yokouchi, 1994; Biesenthal et al., 1998 ]. Following the initial attack of isoprene by the OH radical, peroxy radicals are formed. Different pathways may be followed by the isoprene peroxy radicals based upon the relative availability of NO compared to peroxy radicals. Under low-NO conditions, the 
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ACH isoprene-peroxy radicals have an increased probability of reacting with other peroxy radicals, leading to lower yields of MVK and MACR and altered ratios of these products [Myoshi et al., 1994; Biesenthal et al., 1998 ]. Figure 9 shows the average NO and NO x levels at the site during the period of this study . On the basis of the PROPHET data presented and modeled by Tan et al. [2001] the isoprene peroxy radicals have roughly an equal probability of reacting with HO 2 as they do with NO; this probability is a contributing factor to the low ratios of (MACR + MVK). Despite this, the measurements reported here are lower than expected based on previous results, especially relative to NO x [Biesenthal et al., 1998 ]. However, there have been few previous studies in which the manifold inlet was situated directly above vegetation consisting mostly of isoprene emitters. The Montzka et al. [1993, 1995] studies were done above a pine plantation; the manifold was close to the canopy but the majority of the canopy was pine (a nonemitter of isoprene), so it is likely that more mixing and chemistry, relative to this study, could occur with isoprene and oxidation products before entering the sampling system. The Biesenthal et al. [1998] study was done in a clearing; their ratios probably would have been substantially lower if they were sampling directly above a canopy. The Yokouchi [1994] study was done in a flat plane area of a local city with surrounding scattered farms and forests, which allowed for relatively complete mixing of the compounds from the time of emission until the time of detection.
[25] Figure 10 shows the averaged diurnal ratio of MVK to MACR. This ratio has been discussed in several papers [e.g., Stroud et al., 2001; Montzka et al., 1993; Starn et al., 1998 ]. The diurnal average ratio observed here appears to closely follow that 
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observed by Montzka et al. [1993] and Stroud et al. [2001] . The ratio, on average, increases during the day to values greater than 2/1 and decreases during the nighttime hours to $1. This ratio is understood to arise chiefly from the significant role that OH plays in the processing of isoprene and these reaction products. As indicated earlier, the daytime oxidation of isoprene by OH yields an [MVK]/[MACR] ratio of $1.4. The MACR formed in this reaction reacts faster with OH than does the MVK (Table 1) , and hence the ratio of the lifetimes of these species increases during the daytime as OH increases. As OH begins to decrease, the ratio of the lifetimes decreases leading to lower ratios of [MVK] 
The lifetime ratio of MVK/MACR during the daytime at OH = 3.35 Â 10 6 (average measured daytime OH during this study) and O 3 = 50 ppbv is $2.2. A 1-D model of Montzka et al. [1993] run over the full diurnal cycle for their study showed a maximum ratio during the day of $2.0. Normally, at night, oxidation of isoprene by O 3 becomes more important as OH decreases or goes to zero. Processing of isoprene by only O 3 yields an [MVK]/[MACR] ratio of $0.4 [Carter and Atkinson, 1996] . However, this low value is not normally expected to be reached during the night because of the slow reaction of isoprene with O 3 (the 1/e lifetime of isoprene with respect to O 3 at O 3 = 50 ppbv is 18 hours) and the residual MVK and MACR present at the end of the day as a result of OH chemistry. The 1-D model of Montzka et al. [1993] showed, indeed, that the nighttime ratio reached a minimum of $1.0 before sunrise. It is clear from our data that at times the ratio fell below this value, particularly during the 0000 to 0600 LT time period, but the average data trend is consistent with expected results.
[26] Figure 11 shows the daytime and nighttime data for MACR versus MVK. The daytime data are represented by circles, and the nighttime data are represented by triangles. The top plot shows all the data. The dashed line is the 1/1 line, and the solid line is the 2/1 line. It is clear that most of the data fall within the boundaries of these two lines. If we eliminate data from the first 2 days of the study in which air came from the east, where the air traverses over local lakes, nearly all of the data fell close to within these two lines (bottom plot). This point will be revisited in section 4.
Discussion
Isoprene, MACR, and MVK Mixing Ratios
[27] Studies of mixing ratios of isoprene and products have been conducted in a number of very different environments with a number of different physical sampling arrangements as may be found in the references to previous studies. Enhanced values of the (MVK + MACR) to isoprene ratio are expected in sampling situations where the air mass has aged under high-NO x conditions. It was shown in section 3.2 that during this study we were in a relatively low NO x regime and this may contribute to lower ratios. However, there may be a much larger factor contributing to this ratio. As recently pointed out by Stroud et al. [2001] , the ratios of MACR/isoprene and MVK/isoprene yield useful information on the photochemical age of measured isoprene in an air mass. In the present study, the isoprene emitters were located 12 m directly below the sampling inlet. Hence the levels should be dominated by fresh, local emissions, and low ratios are expected. It is possible to quantify the expected ratios and to compare them with actual data. Following Stroud et al. [2001] , an expression for the time rate of change in the MACR/isoprene and MVK/isoprene ratios may be derived as a function of [OH], the rate coefficients, and the time available for processing. A consecutive reaction scheme, in which isoprene (ISOP) and the reaction products MVK and MACR react with OH [Carter and Atkinson, 1996] , is shown by
[28] These branching ratios were obtained under NO x -rich conditions and may not strictly hold, although, as we shall see, it appears to be a reasonably good approximation for the daytime data in this study. Solving the consecutive reaction scheme, the following expressions may be derived assuming a pseudo-firstorder reaction (OH constant):
[29] This expression is purely chemical and does not include any mixing processes that may affect the ratio during transport. We may construct a plot of these ratios against each other, assuming the average measured daytime (0900 -1600 LT) OH mixing ratio of 3.35 Â 10 6 molecules cm À3 , and superimpose the measured daytime ratios. This plot is shown in Figure 12 . Considering the uncertainties, the data fit the predicted line quite well. The experimental data lie somewhat above the predicted line, similar to data obtained by Montzka et al. [1995] in a canopy experiment analyzed by Stroud et al. [2001] . Isoprene photochemical ages at the inlet may be estimated by comparing the measured ratios versus the derived trend line. The bulk of the data correspond to isoprene photochemical ages between 3.6 and 18 min, with the average near 6 min. In contrast, Stroud et al. [2001] derived an isoprene photochemical age of 40 min for their data in an urban clearing site impacted by isoprene emissions. The predicted line depends on the OH mixing ratio used in (4) and (5). As indicated above, we used the measured [OH] at the site [Tan et al., 2001 ], but there is uncertainty associated with this because OH can vary considerably over short spatial scales. As indicated above, mixing is not taken into consideration.
[30] An estimate of the timescale for vertical diffusion may be derived and compared to the results above. As detailed by Lenschow [1995] , vertical fluxes of conserved quantities can be considered constant in the surface layer (approximately the lower 10% of the depth of the atmospheric boundary layer). A characteristic timescale t for diffusion of a trace gas from the surface to a height z may be specified in terms of the turbulent eddy diffusivity, K:
where
Here, k is von Karmen's constant, and u * is the friction velocity. It follows that 
APEL ET AL.: ISOPRENE AND ISOPRENE OXIDATION PRODUCTS AT PROPHET ACH
[31] The value of k is $0.38. For our experiments the height from the top of the canopy to the inlet, z, was 12 m, and the average value of u * during this experiment was 0.15 m s
À1
. This yields a value, t, of 3.5 min, which essentially represents a lower limit because it neglects any horizontal diffusion or diffusion from below the top of the canopy. This value is nearly identical to the timescale derived from (4) and (5).
[32] Recall that the isoprene flux data and the isoprene mixing ratio diurnal trends follow one another closely. This indicates that isoprene is being created and detected more quickly than it is being destroyed, which is what we should expect in an environment with this sampling arrangement showing that fresh emissions are being detected. We should be able to further investigate the validity of this hypothesis through ratios of the isoprene oxidation products. Recall from (1) that in the processing of isoprene by OH in the daytime, the branching ratio favors MVK over MACR by 1.4 to 1.
Further processing of the air mass by OH yields ratios higher than 1.4 to 1 because of the faster reaction of MACR by OH compared with MVK by OH (Table 1) . Indeed, we saw in Figure 11 that the ratios can be >2. However, a close look at the data reveals that most of the daytime ratios fall significantly below 2. Figure 13 shows a plot of the data of MACR versus MVK in which the highest values of MVK have been removed from the data set (where [MVK] is >0.3 ppbv, 11% of the data). The slope of this line, which encompasses 89% of the data, is 1.35 with an r 2 value of 0.6. This supports the argument that for the majority of the data points, fresh emissions of isoprene were being sampled and that the MVK and MACR had not been processed significantly. These data, along with the data shown in Figure 11 , show consistency with the NO x -rich derived laboratory kinetic experiments.
[33] We may take a closer look at the data of Figure 11 in which high ratios of MVK/MACR are observed. The highest ratios were Figure 12 . Plot of the measured ratios of MVK/isoprene versus MACR/isoprene and the calculated ratio based on a consecutive reaction scheme model. observed over the first 2 days of the study when the wind was from the east and southeast. These were the only days in which the wind was from this direction. This air, originating in areas of high isoprene emission potential, had a high likelihood of passing over one of three lakes, Douglas, Burt, or Mullett, prior to arriving at the inlet. In the absence of fresh isoprene emissions the MVK/MACR ratio should increase to values >1.4 because of the higher reactivity of MACR compared to MVK. Mixing will also be slowed as the air parcel passes over the lakes because of reduced convective heating of the surface. At a wind speed of 2 m s À1 the air parcel may spend between 1 and 2 hours over the lake(s). This is enough time to significantly impact the ratio because the lifetimes of MACR and MVK are 2.5 and 4.5 hours, respectively, assuming OH = 3.35 Â 10 6 molecules cm À3 . It should be noted, however, that this scenario does not, in itself, explain the highest observed ratios ($3).
Nighttime Behavior of Isoprene, MACR, and MVK
[34] During the 8-day period described here, isoprene decays very rapidly between 1930 and 2130 LT with an effective lifetime of $0.75 hours. After 2130 LT the decay is much slower, with an effective lifetime of $3.6 hours. These data are shown in Figure 14 for the average isoprene data observed during this study. This discussion centers on whether the data presented in this paper give us a clue as to what the dominant loss processes are at night. Faloona et al. [2001] present results indicating that there is sufficient OH, based on their measurements, to cause the rapid isoprene decay. On the other hand, Sillman et al. [2002] present modeling results that suggest that atmospheric dynamics plays the major role. There is merit to both arguments. This discussion focuses on new insight gained from this study.
[35] A sharp vertical gradient has been predicted [Trainer et al., 1987] for isoprene throughout the mixed layer as a result of slow vertical mixing near the surface and rapid reaction with OH radicals. Since we are measuring fresh emissions near the bottom of the gradient, the volume directly above the sampling inlet contains less isoprene, and [isoprene] should decrease with height up to the top of the mixing volume. As noted by Sillman et al. [2002, and references therein] , measurements have typically shown a gradient but often not a particularly steep one, with isoprene concentrations at 100 -300 m less than isoprene concentrations just above the forest canopy but only by a factor of $2. After sunset a decrease in isoprene concentrations measured at the inlet would be expected due to cessation of isoprene emissions and to mixing in of air from above. Indeed, the flux data (Figure 3) indicate that emissions come to a fairly rapid end each day after sunset. However, the expected net decrease during the night, based on previous observed ''typical'' gradients, is much less than the observations show (see Figure 5 ). For example, in the most extreme case, during Day 217 (Figure 5 ), isoprene concentrations decreased from a maximum of 4.1 ppbv to <20 pptv during the night. This rapid decrease to low concentrations has been the subject of a spirited debate between those supporting chemistry [Hurst et al., 2001; Faloona et al., 2001] and those supporting dynamics [Sillman et al., 2002] as the major factor in the decay. A key factor, and a major contribution from the work described here, in qualitatively understanding the rapid isoprene decay after sunset is the accurate determination of the emission profiles from surrounding areas. In this paper, the latest emission estimates (BEIS3) were used (shown graphically in Figure 2 ). These estimates show clearly that the isoprene emissions at the site are much higher than emissions from any of the surrounding areas. As a result, air that is advected to the site from any direction will contain significantly less isoprene than the air in the direct vicinity of the inlet manifold. At average wind speeds of 2 -3 m s À1 , air will be rapidly advected to the site from these areas. These processes occur soon after sunset and most likely account for the ''first'' decay of isoprene, although Hurst et al. [2001] present arguments that the initial decay involves both meteorological and chemical processes. The ''second'' decay may be more complex and almost certainly involves both chemical and meteorological processes. The reader is referred to papers by Hurst et al. [2001] and Sillman et al. [2002] for further discussion.
[36] Although the vertical profiling was limited during the study, profiles shown by Hurst et al. [2001] show a steep vertical gradient which is consistent with what would be expected from vertical mixing and advection from surrounding areas having significantly less isoprene emission based on the BEIS3 emission estimates.
[37] If the decays are caused by chemical processing, can we discern useful information from the isoprene reaction product data? It might be expected that during the initial decay, especially when there is some NO present (Figure 9 ) to help drive reaction (equation (1)) and during formation of the nocturnal boundary layer, there would be an increase in absolute concentrations of Figure 14 . Average decay of isoprene during the study after 1700 LT.
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MACR and MVK. This is not observed (Figure 7) . However, as pointed out by Hurst et al. [2001] , it is likely that vertical mixing, although less dramatic than for isoprene, contributes to the observed decreases in these species since their chemical lifetimes are significantly less than the timescale for vertical mixing in the boundary layer during the daytime. After the nocturnal boundary layer is formed, processing of isoprene by OH radicals leading to MACR and MVK should be more discernable, even in the absence of NO, because of the reduced boundary layer height. Myoshi et al. [1994] observed significant MVK and MACR under NO x -free conditions, albeit in different relative yields (17% MVK and 22% MACR) than in the presence of NO. However, by this time, [isoprene] has already been significantly reduced, and increases in the absolute concentrations may not be discernable. Another contributing factor may be nighttime deposition of these species.
[38] Changes in the ratios of MVK to MACR can be observed during the daytime, and it might be expected that changes in the ratios could be observed at night if there is significant processing by OH radicals. In addition, these ratios are less dependent on mixing dynamics than their absolute concentrations. However, it may not be possible to discern the difference in processing of isoprene by OH (in the absence of NO [Myoshi et al., 1994 ]) compared to O 3 because each will yield a higher ratio of MACR/ MVK at night than during the day. For the second decay, if the oxidation is occurring due to NO 3 , there will be no useful information in the MVK/MACR ratios. This is because the yield of these compounds from isoprene oxidation by NO 3 is similarly low for both compounds ($3.5% [Kwok et al., 1996] ).
Summary and Conclusions
[39] Isoprene and two of its initial reaction products, MACR and MVK, were measured each half hour at the rural forested PROPHET site from a glass manifold inlet situated 10 m directly above a forest canopy predominantly composed of isoprene emitters. Isoprene fluxes were concurrently measured at the nearby AmeriFlux site. Emissions profiles were constructed for a radius of within 60 km of the site. Calculated emissions were compared to the fluxes measured at the site. These data show that the PROPHET site is located in an isoprene-enriched area; isoprene emissions are significantly higher at the site than in surrounding areas.
[40] The location of the sampling manifold is shown to affect the measured ratios of MACR and MVK to isoprene. The photochemical lifetime of measured isoprene (i.e., the time between emission and measurement of isoprene (3.6 -18 min)) is significantly less than the photochemical lifetime of isoprene (t = 45 min at [OH] = 3.35 Â 10 6 molecules cm
À3
). Thus a large portion of the isoprene that reaches the manifold has not had time to react completely with OH, yielding lower-than-expected ratios based on model calculations that do not explicitly take this into account. A contributing factor to the low ratios is the relatively low NO at the site, leading to lower product yield of MACR and MVK when processing isoprene with the OH radical.
[41] The rapid nighttime decay of isoprene has been discussed extensively by Hurst et al. [2001] and Sillman et al. [2002] . As a result of refined emissions estimates from this article and observations of the effect of sampling near the top of the canopy, vertical diffusion and advection from isoprene-poor areas are postulated to contribute significantly to the initial rapid decay of isoprene soon after sunset. If OH is a large contributing factor to the isoprene decay at night, it might be expected that important information could be gleaned from ratios of MVK to MACR. However, because of the low mixing ratios of NO encountered at this site during the night, the ratios yield little useful information, owing to the fact that NO x -free oxidation of isoprene by OH is expected to give a higher yield of MACR to MVK, which is qualitatively similar to what is expected from O 3 processing of isoprene.
